One sentence summary: The antimicrobial activity of the antibiotic fusidic acid in Escherichia coli increases with an increase in the cellular levels of elongation factor G with respect to ribosome recycling factor. Editor: Geertje van Keulen
INTRODUCTION
The mechanism of action of antibiotics can broadly be divided into three classes: disruption of cell wall and membrane biosynthesis, inhibition of protein synthesis and disruption of nucleic acid repair or metabolism (Gale 1963) . Protein synthesis inhibitors work by either directly binding to rRNA or by binding to translation factors. Fusidic acid (FA) is a bacteriostatic steroidlike translation factor inhibitor that is used to treat infections by Gram positive bacteria (Godtfredsen et al. 1962) . It is widely accepted that FA functions by inhibiting the activity of elongation factor G (EFG), which is crucial for translocation and ribosome recycling. FA stalls translating ribosomes by decreasing the rate of dissociation of EFG-GDP from the ribosome (Willie et al. 1975) . Recent studies have shown that FA binds after Pi release, and inhibits later steps of translocation and release of E-site bound tRNA (Belardinelli and Rodnina 2017) .
In our earlier studies, we showed that excess production of EFG in Escherichia coli, causes hypersensitivity to FA (Rao and Varshney 2001) . More recently, in vitro studies from the Singh et al. (2008) Ehrenberg group have demonstrated that a relative increase in EFG (with respect to ribosome recycling factor (RRF)), or decrease in RRF (with respect to EFG) result in more unrecycled ribosomes and consequently, greater FA sensitivity (Borg et al. 2015) . For productive ribosome recycling, RRF must bind to the ribosome before EFG. Only in the presence of RRF does the GTP hydrolysis activity of EFG lead to the splitting of ribosomes. In the event that EFG binds to the ribosome before RRF, EFG hydrolyzes GTP in a futile manner without splitting ribosomes (Prabhakar et al. 2017) .
Since EFG performs the dual functions of translocation and ribosome recycling in protein synthesis, in vitro studies have been unable to agree on which of these functions is the major target of FA. According to studies from the Rodnina group, the antimicrobial activity of FA is almost entirely due to inhibition of ribosome recycling (Savelsbergh, Rodnina and Wintermeyer 2009) . They observed that the inhibitory concentration of FA for ribosome recycling was very close to MIC50 values observed in vivo. The most recent studies on the mechanism of FA inhibition were performed by the Ehrenberg group using stopped-flow and quench-flow experiments (Borg, Pavlov and Ehrenberg 2016) where it was noted that FA binds less efficiently to the FA-susceptible states of the ribosome in translocation than in recycling. However, considering the fact that for every 400 translocation events there is only one recycling event led the Ehrenberg group to conclude that less than 10% of the growth inhibition by FA is due to inhibition of ribosome recycling and more than 90% is due to inhibition of translocation (Borg, Pavlov and Ehrenberg 2016) . Importantly, the in vivo contribution of the inhibition of translocation or ribosome recycling to the antimicrobial activity of FA has never been studied.
Here, we have carried out an investigation of the in vivo effect of perturbations of the relative amounts of EFG and RRF on FA sensitivity. For this, we have used a system of genomic RRF mutants in E. coli and overexpressed EFG and RRF in these backgrounds. By studying the FA sensitivity in a strain with an increased proportion of stalled ribosomes, we have also attempted to find out the contribution of the inhibition of ribosome recycling and translocation towards the sensitivity of E. coli to FA.
MATERIALS AND METHODS

Strains and plasmids
Strains and plasmids used in this study have been listed in Table 1 . E. coli was grown in LB and LB agar plates (Difco). E. coli cells were made transformation competent by the Hanahan method and transformation was carried out by the heat shock method (Sambrook 1989) . Unless mentioned otherwise, media were supplemented with ampicillin (Amp, 100 μg/mL), kanamycin (Kan, 25 μg/mL) or tetracycline (Tet, 7.5 μg/mL) as required.
Preparation of cell-free extracts (for SDS PAGE and immunoblotting)
Cells were harvested by centrifugation at 13 000 rpm (Kubota RA2724) for 1 min. The cell pellets were resuspended in 400 μL TME buffer containing 25 mM Tris-HCl pH 8, 2 mM β-mercaptoethanol, 1 mM Na 2 EDTA and subjected to sonication. The conditions of sonication were as follows: amplitude 40%, pulse 2 s, on/off for 25 s 3 times with 1 min gap at each interval. Cells were harvested at 14 000 rpm for 20 min. Supernatant and pellet were obtained. The pellet was resuspended in 200 μL of TME buffer. The sonicator was manufactured by Sonics and Materials Inc, Danbury, Connecticut, USA.
Immunoblot analysis
Requisite amounts of protein were loaded on a 12% or 15% SDS PAGE and transferred onto polyvinylidene difluoride membrane at 15 V for 1 h using the Bio-Rad semi-dry transfer apparatus. The membrane was soaked in blocking solution [5% skimmed milk prepared in TBST (20 mM Tris-HCl, 0.9% NaCl and 0.1% ], kept at room temperature for 1 h and washed thrice with TBST buffer for 10 min each. Primary antibody was added and the blot was incubated overnight under rocking conditions at 4
• C followed by three washes of 10 min each with TBST. The blot was treated with anti-rabbit goat IgG-ALP conjugate (GENEI) secondary antibody (1:3000) for 1 h under rocking conditions, washed thrice with TBST, and equilibrated with 50 mL 0.1 M Tris-HCl buffer pH 9 for 10 min. The blot was developed in darkness using 20 mL 0.1 M Tris-HCl buffer pH 9, 200 μL 5 mg/mL 5-bromo-4-chloro-3-indolyl phosphate [prepared in 100% dimethyl formamide (DMF)], 200 μL 30 mg/mL nitro blue tetrazolium (prepared in 70% DMF) and 80 μL 2 M MgCl 2 . For detection of RRF, rabbit polyclonal anti-RRF antiserum (1:5000) was used and for detection of EFG, rabbit polyclonal anti-EFG antiserum (1:5000).
RESULTS
Cellular levels of RRF and EFG in various E. coli strains and the regulation of their relative ratios
The E. coli strain TG1dnRRF bears the frr1 mutation containing an insertion in the promoter region of the gene encoding RRF (Singh and Varshney 2004) , leading to about three-fold decrease in the cellular levels of RRF [ Fig. 1a] . Also, we exploited the E. coli LJ14 strain bearing an frr ts allele (Janosi et al. 1998 ). Even at the permissive temperature for its growth (30 • C), LJ14 has very low (barely detectable) levels of RRF (Fig. 1b , lanes 6, 9 and 10) providing an extremely low RRF/EFG ratio as compared to that of E. coli TG1, a strain wild type for RRF (Fig. 1b, lane 1) or the RRF complemented LJ14 strain (Fig. 1b, lanes 7 and 8) . Introduction of pTrcEcoRRF or pTrcEcoEFG with leaky basal level expression of RRF (lanes 2 and 7), EFG (lanes 4 and 9) or IPTG induced levels of RRF (lanes 3 and 8) and EFG (lanes 5 and 10) allow us to regulate the RRF/EFG ratios even further.
Increased relative levels of EFG over RRF render E. coli hypersensitive to FA
To investigate the effect of FA and its dependence on the relative levels of RRF/EFG, we carried out growth curve analyses. We observed that the strain TG1dnRRF that has only a slightly lowered ratio of RRF/EFG (as compared to the TG1 control strain), is unaffected in its sensitivity to FA (as compared to the TG1 control strain) [ Fig. 2c -f, compare curves 1 (TG1/pTrc99c) and 4 (TG1dnRRF/pTrc99c)]. However, in both the TG1 and the TG1dnRRF strains, overexpression of EFG leads to inhibition of growth in the presence of FA [ Fig. 2d -f, compare curves 1 (TG1/pTrc99c) and 4 (TG1dnRRF/pTrc99c) with curves 3 (TG1/pTrcEcoEFG) and 5 (TG1dnRRF/pTrcEcoEFG)]. This inhibition of growth upon increase in the relative amount of EFG (with respect to RRF) is in agreement with the in vivo data from our lab (Rao and Varshney 2001) and the in vitro work from the Ehrenberg group (Borg et al. 2015) . As per the expectations from the in vitro experiments, LJ14, which has a very low RRF/EFG ratio even at its permissive temperature of 30 • C, is very sensitive to FA as compared to the RRF complemented strain [ Fig. 3c -f, compare curves 1 (LJ14/pTrcEcoRRF) and 2 (LJ14/pTrc99c)]. EFG overexpression in the background of LJ14 (Fig. 1b, lanes 9 and 10) 
Increased levels of stalled ribosomes lead to hypersensitivity to FA in E. coli
Occasionally, ribosomes stall on mRNAs prior to completion of the polypeptide chain. The tmRNA (encoded by ssrA) possesses a tRNA-like domain and a short mRNA region encoding a short peptide (ANDENYALAA, in E. coli) followed by a termination codon and is recruited to the A site of the stalled ribosome (Keiler, Waller and Sauer 1996) . The peptidyltransferase activity of the ribosome transfers the peptide from the P-site bound peptidyl-tRNA to the alanine on the -CCA end of the tmRNA. The tRNA that was sequestered as peptidyl-tRNA in the stalled complex is freed, and the peptide extended at the C-terminal with the tmRNA encoded sequence is released by the activity of release factors, and subjected to degradation by cellular proteases. The absence of ssrA leads to increased accumulation of stalled ribosomes (Singh et al. 2008) . Interestingly, FA resistance in Staphylococcus aureus is mediated by the FusB-type proteins that rescue stalled ribosomes formed by FA by binding to EFG on the ribosome and releasing the stalled EFG-GDP complexes (Cox et al. 2012) . Since rescuing stalled ribosomes is a method of alleviating the toxicity of FA, we were interested in studying the FA resistance of strains lacking ssrA. From our growth curve analyses, we see that the strain lacking tmRNA is hypersensitive to FA and this sensitivity is rescued by plasmid-borne complementation with ssrA [ Fig. 4 c and d, compare curves 3 (TG1 ssrA/pTrc99c) and 4 (TG1 ssrA/pTrcssrA)]. Therefore, increased dependence on ribosome recycling in E. coli in the presence of FA affects bacterial growth. In fact, the absence of tmRNA would lead to an increase in stalled ribosomes, which in turn would also decrease the pool of actively Figure 2 . Growth of the indicated strains of E. coli TG1 (TG1 and TG1dnRRF) in the presence of the indicated plasmids. Overnight cultures grown in LB containing ampicillin were diluted 100-fold in the same medium without or with 1 mM IPTG, and their growth was monitored at 37
• C in the indicated concentrations of FA using a Bioscreen C growth reader. Four replicates of all strains were studied. The lines join the mean, and the vertical bars denote the standard deviation.
translating ribosomes requiring EFG for translocation purpose, thereby indirectly raising the relative levels of EFG (with respect to the translating ribosomes).
DISCUSSION
The biochemical data on FA inhibition of translocation and recycling were used to design a study of the growth inhibitory effect of FA on bacterial populations. We see that overexpression of EFG in wild type and low RRF strains (TG1dnRRF, LJ14) leads to increased sensitivity to FA (Figs. 2 and 3) . Furthermore, LJ14 is more sensitive to FA as compared to E. coli wild type for RRF. And, the LJ14 strain with EFG overexpression is hypersensitive to FA (Fig. 3) . In a strain like LJ14, where the intrinsic levels of RRF in the cells are low, EFG is more likely to bind to the ribosome before RRF. This phenomenon is further exacerbated when EFG is overexpressed in LJ14. This mimics a translocation-like situation where EFG binds to the ribosome in the absence of RRF. Therefore, we conclude that FA inhibition of translocation provides the central basis of bacterial growth reduction. Our in vivo observations are also in complete agreement with in vitro data from the Ehrenberg group, where it was predicted that a decrease in the physiological RRF/EFG ratio would lead to increased sensitivity to FA (Borg et al. 2015) . As RRF levels in the cell are already high, increasing the RRF levels further does not alter the physiological response to FA to any detectable levels [ Fig. 2e and f compare curves 1 (TG1/pTrc99c) and 2 (TG1/pTrcEcoRRF)]. Furthermore, the Ehrenberg group suggests that the K I value for translocation was overestimated in an earlier study (Savelsbergh, Rodnina and Wintermeyer 2009; Borg, Pavlov and Ehrenberg 2016) , leading to a conclusion that the ribosome recycling function is the primary target of FA. Our in vivo data also indicates that an E. coli strain lacking tm-RNA is hypersensitive to FA (Fig. 4) . How do the cells deleted for ssrA become hypersensitive to FA? We believe that a large population of stalled ribosomes (due to the lack of ssrA, which is the major mechanism for recycling such ribosomes) leaves behind only a smaller population of ribosomes active in protein synthesis, requiring EFG for the purposes of translocation. Thus, even with an unchanged level of overall EFG in the cell, such a phenomenon of ribosomal stalling could lead to an increase in the relative EFG levels in the cell (i.e. with respect to the translating ribosomes). Since an increase in EFG leads to increased sensitivity to FA (as seen in Figs. 2 and 3) , deletion of ssrA would render the cell hypersensitive to FA. The Ehrenberg group has also suggested that while FA generally affects the translocation activity of EFG, inhibition of its recycling activity also contributes to the overall inhibition of protein synthesis by FA. However, the inhibition of the recycling activity of EFG may assume greater Figure 3 . Growth of the indicated strains of E. coli LJ14 in the presence of the indicated plasmids. Overnight cultures grown in LB containing ampicillin were diluted 100-fold in the same medium without or with 1 mM IPTG, and their growth was monitored at 30
significance for smaller ORFs, where the ratio of translocation events to recycling would decrease. The tmRNA rescues ribosomes by the process of transtranslation when it is recruited to the empty A-site of stalled ribosomes (Keiler, Waller and Sauer 1996) . Therefore, in the absence of tmRNA, there would be an increase in the population of stalled ribosomes with peptidyl-tRNA in the P-site and an empty A-site (in non-rotated state). EF-G has been shown to bind to ribosomes in the rotated (pre-translocation) state (Prabhakar et al. 2017) . Even though the stalled post-translocation ribosomes in the non-rotated state may not, at least in vivo, bind EFG with high enough affinity, given that FA can target multiple stages of EFG binding to ribosome (Borg et al. 2015) , they may still be a substrate for the drug mediated inhibition of the bacterial growth. Furthermore, the fact that some of the stalled ribosomes could also be a substrate for recycling by RRF and EFG (HeurgueHamard et al. 1998; Rao and Varshney 2001) , the stalled ribosome would also increase the events for recycling by RRF. Both of these scenarios (i.e. increase in EFG/RRF ratio and increase in ribosomal population requiring recycling) would lead to increased FA sensitivity.
Of late, there has been an emergence of spontaneous FA resistance by means of chromosomal fusA mutations, plasmidmediated decreased cell membrane permeability and FusB-type proteins (Dobie and Gray 2004; Cox et al. 2012) . Therefore, increasing the potency of FA is the need of the hour. Since we have shown that FA susceptibility increases with a decrease in the RRF/EFG ratio, the effectiveness of FA may be increased by using it in conjunction with compounds that may lower the active levels of RRF. Development of such supplementary compounds may prolong the usability of FA as an effective antibiotic. Figure 4 . Growth of the indicated strains of E. coli TG1 (TG1 and TG1 ssrA) in the presence of the indicated plasmids. Overnight cultures grown in LB containing ampicillin were diluted 100-fold in the same medium without or with 1 mM IPTG, and their growth was monitored at 37
